Object. The authors investigated the usefulness of using an expandable cage strut in anterior reconstruction after osteoporotic vertebral collapse in patients with neurological deficits.
STEOPOROTIC thoracolumbar vertebral collapse is becoming increasingly more common as the population ages. 6, 18 This condition often follows minimal trauma associated with localized spinal pain and progression kyphotic deformity. Most cases can be managed conservatively, but neurological complications and kyphotic progression should be treated surgically to allow patients an early return to activities of daily living. 18 Kempinsky, et al., 16 reported the first case of osteoporotic vertebral collapse associated with neurological complications; since this report there have been a several such cases discussed in the literature. [1] [2] [3] 15, 17, 24, 31, 33 Neurological paraparesis 25 or complications that develop in an osteoporotic spine can be major challenges when attempting to establish surgically a durable fixation. Various surgical procedures involving varying techniques and implants have been advocated in the treatment of patients with osteoporotic vertebral collapse and neurological deficits. 15, 31 Symptomatic evidence of progressive kyphosis and/or spinal cord compromise is an affirmative indication for anterior or posterior decompression or both. A transpedicular posterolateral approach, 2 a 360˚ circumferential approach, and a modified, so-called eggshell procedure, 24 with subsequent kyphosis correction and pedicle screw/ rod fixation, have been reported to be successful in effecting neurological improvement. The loss of correction during the follow-up period 8, 26, 34 and mechanical disadvantages resulting from violation of the intact middle and posterior vertebral elements, however, can be major problems. From a biomechanical point of view, when only the anterior column is injured among the three Denis-defined columns in the thoracolumbar spine 5 and characteristic progressive kyphosis is evident, combined anterior de-compression and fusion is the ideal choice. 15 Major concerns in the treatment of osteoporotic vertebral collapse include the reduction of bone stock in the fractured vertebra and unavailability of appropriate devices to mechanically support the vertebral column weakened by osteoporosis.
Recently, there has been a rapid increase in the clinical application of expandable cages for VB replacement. These appliances have several surgery-related advantages over nonexpandable cages. 28 For example, the expandable cage allows easy in situ lengthening of the device in the cephalocaudal direction at the operative site so that the cage can precisely fit the height of the defect created after resection of the affected VB and adjacent intervertebral discs.
In the present study, we describe the clinical and imaging outcomes obtained in 28 consecutive patients with osteoporotic vertebral fractures and associated neurological deficits, who underwent anterior reconstruction in which an expandable strut cage was placed. The purpose of this study was to clarify the imaging and neurological outcomes after anterior expandable cage-assisted surgery and to discuss the appropriate choice of anterior surgery based on types of thoracolumbar vertebral collapse and associated neurological deficits.
Clinical Material and Methods

Patient Population
The study comprised 28 patients (six men and 22 women) with single-level osteoporotic vertebral collapse at the thoracolumbar junction associated with neurological deficits; the patients underwent anterior spinal reconstruction in which an expandable strut cage was placed at our university medical center. The age of the patients at surgery ranged from 56 to 87 years (mean 71.9 years). Causes of osteoporosis were classified as postmenopausal in 15 patients, senility related in 11, 29 and corticosteroid agent-induced in two. According to the radiographic classification of bone atrophy, 32 the severity of osteoporosis was greater than Saville Grade II in all patients. Because of the delayed onset of symptoms and the occasional misdiagnosis by local physicians, the estimated interval between back trauma and hospital admission ranged from 0.8 month to 1.3 years (mean 4.6 months). Paralysis did not develop in any patient immediately after the spinal trauma. All patients initially underwent conservative treatment, but vertebral collapse progressed gradually and neurological symptoms subsequently developed. A single VB was injured in all patients: T-10 collapsed in one patient, T-11 in two, T-12 in 11, L-1 in nine, and L-2 in five. In all cases anterior decompression and fusion were performed using an expandable cage device (LIFT Vertebral Body; Medtronic Sofamor Danek, Memphis, TN). The cage was implanted and mechanically augmented using a plate and screw construct (LDI; Medtronic Sofamor Danek). The patients participated in follow-up review for 1 to 7.2 years (mean 4.9 Ϯ 1.6 years [Ϯ SD]).
Written informed consent, approved by the Human Ethics Committee of our university medical center, was obtained from each patient.
Expandable Cages for VB Replacement
We used the expandable cage strut and titanium LIFT Vertebral Body. The cage is composed of a built-in double-threaded system that allows its in situ lengthening after it settles; this means that the longitudinal length of the cage can be adjusted precisely to fit the vertebral defect after corpectomy has been undertaken and thus that optimal distraction force can be applied. The spikes at the endplate of the cage ensure that it can be docked and anchored to the subchondral bone of the adjacent vertebrae. Thus, the cage is capable of greatly correcting spinal kyphosis. The cage's endplate has a large footprint that prevents it from sinking into the adjacent VBs. On its cylindrical lateral side are large windows through which additional chipped bone and/or bone substitute can be packed, if needed, even after optimal lengthening of the cage has been completed.
Surgical Technique
The patient is placed right-side down on an operating table. To access vertebral lesions at or proximal to T-11, a transpleural approach is adopted, while T-12 and L-1 vertebral lesions are exposed via extraperitoneal and transpleural approaches following T-10 or T-11 costectomy. An extraperitoneal approach is undertaken in cases involving L-2 lesions. The affected vertebra and two neighboring vertebrae are exposed carefully and the segmental vessels of these three vertebrae are subsequently ligated.
Using several types of chisels and curved curettes, as well as a high-speed airtome, fragments of the affected vertebra and neighboring intervertebral discs, which were often retropulsed into the spinal canal, are resected completely, and the dura mater is then exposed for decompression. The subchondral bone of the adjacent vertebra is preserved as a rule in a manner resembling a "punchedout" picture to allow firm attachment of the endplate of the implant. If subchondral bone is completely resected, the titanium implant often subsides within the VB. The osteoporotic vertebrae often possess diminished trabecular bone, and these mechanically weak bones can lead to subsidence of metal cages. Therefore, we attempted to preserve the cartilaginous endplate as much as possible, even if the plate remained as a thin layer for that mechanical reason, whereas we created several holes in the cartilaginous endplate to expose subcortical bone to ensure the osseous union between subcortical bones of the vertebrae and grafted bone material.
After decompressing the spinal cord, we place the expandable cage in the center or slightly anterior part of the intervertebral area. Abundant morcellized bone obtained from the left iliac crest and resected ribs, is packed into the cage before implanting it. After confirming appropriate cage settlement (Fig. 1A) , the inner cylinder of the cage is carefully turned to allow its in situ lengthening. As the cage is longitudinally lengthened, its endplate spikes are firmly fitted in, docked, and anchored to the cartilaginous endplate of the adjacent vertebrae (Fig. 1B) . Great care is needed to avoid a sudden correction of the kyphotic deformity and to prevent the metal endplate of the cage from penetrating into the cartilaginous endplate. Rib or iliac strut bone, often (in 13 of our 28 cases) supplemented by ␤-TCP (␤-TCP Granules; Olympus, Tokyo, Japan) as a substitute for graft bone, is placed in and around the cage (Fig. 1C) . Autograft bone is morcellized and mixed with ␤-TCP before bone grafting (␤-TCP granule/autograft bone volume ratio Ͻ 1:2). The entire cage system is then firmly immobilized with the LDI plate and screw system, one of the lowest-profile devices with a maximum thickness of 9.6 mm (Fig. 1D ). Intrapleural and/or extraperitoneal drains are placed for several days. The patient is allowed to sit up in bed 4 days after surgery, and ambulatory rehabilitation is initiated between 7 and 9 days after surgery.
All surgical procedures were performed by one of the senior authors (H.B.) who used a uniform surgical technique. The mean operative time was 229 minutes (range 150-390 minutes) and the mean blood loss was 269 g (range 30-730 g). No serious complications related directly to the surgery were encountered.
Imaging and Neurological Evaluations
Radiological studies included plain radiography, tomography, CT scanning (CT/T 8800 scanner; General Electric, Milwaukee, WI) and occasionally CT myelography, and MR imaging ([at 1.5-tesla] Signa System; General Electric). Indications for surgery included the presence of vertebra-related pain and neurological complications associated with spinal cord or conus medullaris compression. Spinal canal encroachment greater than or equal to 40% by retropulsion of a bone fragment was judged to represent "impending paralysis," and this was also an indication for surgery. 2, 12 According to previous reports, 5, 24, 27, 33 including one by our group, 2 osteoporotic vertebral collapse is classified into three types based on its appearance on the lateral projection of the affected vertebra in the neutral position. In Type 1, or a wedge-type collapse, the ratio of the VB's anterior height to its posterior height is less than 60%. In Type 2 there is a flat fracture or vertebra plana-like fracture with uniform compression. In Type 3, there is a concave or H-shaped fracture in which an anterior spur formation or sclerotic change is involved. Type 2 collapse is often associated with the appearance of intravertebral cleft formation 11, 21 on radiographs or MR images (Fig. 2 ). Radiographs were reviewed before surgery, 4 to 6 weeks after surgery when the patient was ready for discharge, and at the latest follow-up examination. On x-ray films the kyphotic angle was measured between the upper surface of the VB above the collapse and the lower surface of the VB below (Fig. 3A) . The angle of lateral tilt, including collapsed vertebra or the cage, was also measured in the same manner on the AP radiograph (Fig. 3B) . Subsidence of the LIFT Vertebral Body was evaluated by assessing the change in the total anterior height of the threevertebral complex, including the titanium cage and two adjacent vertebrae above and below the collapsed level. Following surgery and at the final follow-up examination a line was drawn from the center of the upper surface of the VB above the collapsed level, or the implant, to the FIG. 1. Photographs of the operative procedure. A: Before lengthening the LIFT Vertebral Body cage, it is filled with bone chips and then implanted. B: To lengthen the LIFT Vertebral Body cage in situ to its preoperatively determined length, the inner cylinders are turned with a driver, the outer cylinders are longitudinally moved toward the adjacent vertebral endplates, and then the metal endplates are firmly docked and anchored to the cartilaginous endplates of the adjacent vertebrae. C: After lengthening and distraction of the cage, bone chips are placed inside and around the cage. The vertebral plate of the LDI system is then placed. D: The entire assembly of the expandable cage is firmly fixed with the LDI plate and screw system. center of the lower surface of the vertebra below 30 (Fig.  3C) . The difference in length of these two lines was considered to reflect the extent of subsidence. On radiography, plain tomography, or CT scanning, the presence of homogeneous radiodensity of VBs and distinct continuity of trabeculae inside and outside the cage was considered to indicate solid bone union. Additionally, screw breakage and loosening of the LDI instrumentation were evaluated on radiography.
The neurological status of each patient was assessed using a specific scoring system (Table 1) , 2 which is modified from the JOA scoring system. 7, 13 The percentage of neurological improvement was calculated as follows: the postoperative follow-up score minus the preoperative score was divided by 14 (full score) minus the preoperative score, and then multiplied by 100. All patients completed a 10-cm VAS as an assessment of their pain. 23 Neurological outcomes and VAS scores (Ϯ SDs) were determined before surgery and at the final follow-up examination (mean 4.9 Ϯ 1.6 years).
Statistical Analysis
Neurological and imaging assessments were performed by observers independent of the principal surgeon (H.B.). Data were collected and stored in the StatView 5 program (SAS Institute, Cary, NC). In statistical evaluations we used repeated ANOVA, one-way ANOVA, and the Fisher post hoc test. A probability value less than 0.05 was considered statistically significant. Mean values are presented Ϯ SDs. Table 2 provides a summary of data and surgical outcomes obtained in the 28 patients. The mean JOA neurological score was significantly improved from 6.7 Ϯ 2.7 preoperatively to 11.1 Ϯ 2.6 at the final follow up (p Ͻ 0.0001); the mean improvement rate was 63.8 Ϯ 23.8%. The mean VAS pain score was 7.8 Ϯ 1.0 before surgery and 3.6 Ϯ 2.2 at the final follow up; this difference was significant (p Ͻ 0.0001). Table 3 summarizes the neurological outcomes for each type of vertebral collapse. There was no significant difference in JOA score or VAS FIG. 2. Osteoporotic vertebral collapse is classified into three types according to its appearance on lateral radiographs (images in left column) and MR images (images in right column). Upper: Type 1-wedge collapse; the ratio of the anterior height to the posterior height of the VB is less than 60%. Center: Type 2-flat or vertebra plana with uniform compression. Lower: Type 3-concave with anterior spur or sclerotic changes, or H shape.
Results
Neurological and Radiographic Results
FIG. 3. Schematic diagrams of radiographic measurements. A: The kyphotic angle (␣) on a lateral radiograph. B:
The scoliotic angle (␤) on an AP radiograph. C: Total anterior height of the three-vertebrae complex including the titanium cage or collapsed vertebra and the two adjacent vertebrae above and below the collapsed lesion.
pain score among the types of vertebral collapse before surgery; a comparison of Type 1 (wedge-type) and Type 2 (flat-type) collapse showed a significant intergroup difference in JOA improvement at the final follow-up examination (p = 0.037), whereas there was no significant difference in JOA score or VAS pain score between these two types at the final follow up. In contrast, there were significant differences between Type 1 and Type 3 (concave-type) vertebral collapse in terms of neurological improvement (p = 0.006) and VAS pain score (p = 0.012) at the final follow-up examination.
The results of radiographic analysis are shown in Table  4 . Kyphotic angle was significantly reduced 4 to 6 weeks after surgery (p Ͻ 0.0001) and at the last follow-up evaluation (p = 0.21). The mean correction of kyphotic angle was 10.4 Ϯ 7.6˚ at 4 to 6 weeks after surgery, whereas it was 5.6 Ϯ 6.0˚ at the latest follow up; thus, the mean loss of correction was 4.8 Ϯ 5.8˚. There was no significant difference in the lateral tilt angle of the titanium implant at 4 to 6 weeks and at the final follow up. The mean height of the construct and fusion mass 4 to 6 weeks after surgery was 83.2 Ϯ 7.6 mm, whereas it was 80.8 Ϯ 8.35 mm at final follow up; thus, 2.5 Ϯ 3.0 mm of height was lost (shortening of the cage construct). Solid osseous union, evident both inside and outside the cage, was attained in 22 cases (Fig. 4) . Pseudarthrosis developed without neurological aggravation or recurrence in two patients. In four cases, continuity of trabeculae both inside and outside of the cage could not be confirmed.
Surgery-Related Complications
Implant-related complications occurred in four cases, although these were not correlated with any neurological change. These included loosened screw in four patients, dislodgment of the LDI plate in three, and subsidence of the LIFT cage in the distal level of the vertebra greater than 5 mm in four (Fig. 5) .
Perioperative complications included pneumonia or pleuritis in two cases, transient atelectasis in three, and superficial infection, treated with wound dressing and antibiotic therapy, in two. A low-grade asymptomatic compression fracture had occurred in vertebrae one to three levels above or below the reconstruction site in two patients by the time of the final follow-up examination; these two patients reported experiencing no traumatic event during the postoperative period.
Discussion
Osteoporotic vertebral collapse is usually treated surgically when the following signs or symptoms appear: 1) severe and intractable back pain; 2) kyphotic deformity; and/or 3) neurological complications or a condition of impending paralysis. The authors of recent studies have advocated posterior vertebroplasty and/or kyphoplasty as the optimal surgical options. 14, 19, 27 Because these procedures can be technically undemanding, surgeons perform many of them with acceptable outcomes; however, controversy remains as to whether direct decompression and reconstruction is needed for a successful treatment of the unstable spine in patients with neurological deficits. Unfortunately, no comparative study has been conducted to compare anterior reconstruction and posterior stabilization. Although the present study was a noncomparative longitudinal analysis, we believe that it is of use again to consider the clinical significance of anterior expandable cage placement for the thoracolumbar spine after osteoporotic vertebral collapse.
From a mechanical point of view, anterior-column injury should be appropriately approached anteriorly without any violation of the middle and posterior columns. 15 In a case of anterior reconstruction in a patient with osteoporosis, the following significant problems must be considered. 1) An adequate and mechanically reliable bone strut may not be available. 2) Bone union may be delayed.
3) Extensive correction of kyphotic deformity may cause the implanted strut to subside further within the vertebrae adjacent to the graft level. Based on these difficult conditions, the current choice of implant is an expandable cage with an appropriate endplate to achieve proper fixation to the vertebral endplates. In practice, we avoided excessive kyphosis correction but made every effort to restore the physiological sagittal curvature of the thoracolumbar spine. We found that the angular correction ranged from approximately 6 to 10˚, which was comparable to the range previously reported by Kaneda, et al. 15 Significant correction was not always achieved, but the expandable cage construct appeared to aid in the restoration of the thoracolumbar spine's physiological curvature. The postoperative height of the construct was significantly increased, but height of the level was not significantly different at final follow up compared with that before surgery. The subsidence of a cage is generally caused by a loss of strength at the cage-VB junction. Closkey, et al., 4 reported that the condition of the graft bone-vertebral bone contact area was predictive of graft instability. Another predictive factor of cage subsidence is the quality of the vertebral bone represented by bone mineral density, which is an important determinant of vertebral strength. 9, 22 Hasegawa, et al., 10 have reported that a large-diameter titanium mesh cage possessing an internal end-ring system significantly increased the cage-VB interface strength. In a recent in vitro biomechanical study, 20 the authors reported that the posterolateral region of the vertebral endplate provided the greatest resistance to subsidence, whereas the central region provided the least resistance. In the present study, the mean subsidence was only 2.5 mm. This is an acceptable result considering the unfavorable conditions of osteoporotic VBs. Robertson, et al., 30 reported that the mean subsidence of a titanium mesh cage was 2.6 mm after treatment of acute fracture or posttraumatic thoracolumbar deformity, even in patients without osteoporo- sis; however, the subsidence was 5 mm or greater in four patients. Because surgeons often choose a larger LIFT cage to ensure better spinal stability, it is possible that the cartilaginous vertebral endplate was excessively resected unreasonably in those cases, and this might have weakened the interface strength. In such cases, in preoperative planning, it might be best to choose a smaller cage to avoid placing excessive strain on the cage-bone interface, or posterior surgery or simultaneous surgery should be performed.
Osteoporotic vertebral injuries are divided into several types according to their appearance on radiological studies: 5,24,27 a wedge-type compression fracture exhibiting progressive kyphosis; a flat-type fracture with osteonecrosis or pseudarthrosis often exhibiting intravertebral cleft formation; 11 and a concave or H-shaped fracture associated with anterior spur or sclerotic changes. In the present study, vertebral collapse was classified into three types based on its appearance on preoperative lateral radiographs. We found that the surgery-related outcomes tended to be better in patients treated for wedge-type lesions than for other types of fracture, in particular the concave form. The major difference between flat-and concavetype fractures is the presence of anterior bone spur formation in the latter type. This anterior osteophyte formation may help to stabilize the injured VB. 35 It is possible that anterior bone spur-derived stabilization was disrupted by the anterior procedure in our case. A posterior procedure may therefore be the choice of treatment in cases of a concave or H-shaped fracture when an anterior bone spur is involved. In addition, when the height of the affected vertebra was extremely reduced by collapse, especially in cases of the flat-type lesion involving less severe kyphosis, shorter-duration operations such as the eggshell procedure may be an excellent option. 31 Based on in vitro biomechanical testing, Pflugmacher and colleagues 28 have recently described the usefulness of an expandable cage for VB replacement in the thoracolumbar spine. As they suggested, the expandable cage actually fits into the fusion site because of its in situ lengthening and there is no need to trim the cage. The proper fit of the expandable cage may create biomechanically and biologically appropriate conditions at the fusion site. Moreover, such appropriate conditions would be expected to reduce the rate of instrumentation failures such as those associated with subsidence or implant dislodgment. The use of morcellized bone grafts may further stabilize the construct. For further enhancement of the fusion rate and stabilization of the LIFT-LDI construct, we are currently placing hydroxyapatite granules or ␤-TCP within and around the cage to augment the fusion mass, which further enhances the mechanical stability of the system.
Conclusions
The expandable titanium cage construct is useful for VB replacement in patients with osteoporotic thoracolumbar fractures. Enduring favorable outcomes can be expected, especially in patients with a wedge-type collapse of the vertebra whose height is relatively preserved before surgery.
